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PREFACE

The fracture mechanics approach for the evaluation of the safe and durable operational limits of older in-service
aircraft and the fatigue lite assessment of new damage tolerant aircraft structures is based upon a reliable prediction of
crack growth. The new specifications for fatigue strength and durability of aircratt structures require that initial flaws
of specified shape and length will not propagate to a critical crack length within a specified life time. The validity of
conventional crack propagation prediction methods for crack sizes in the range of 1/10 to 1 mm (0.004" to 0.04").
however. seems to be in question since some experimental investigations have shown that small cracks obviously have
a more severe effect on the crack propagation life than predicted from fracture mechanics data obtained with long crack
specimens. An underestimate of the growth of initial flaws could therefore seriously overestimate the actual fatigue
life.

Atits Spring 1980 mecting in Athens. Greece. the AGARD Structures and Materials Panel (SMP) formed an ad-hoc
group to study the behaviour of short cracks in airframe components. Following discussions at the subsequent Sist
meeting in Fall 1980 in Aix-en-Provence, France. it was decided to invite the presentation of two specialist Pilot Papers
which would review the state of the art of crack growth prediction techniques giving a guidance to the group for
defining the task to be undertaken and for specitying the main aspects which should be covered in a future Specialists
Meeting.

The Pilot Papers from Mr Wood et al (US) and Mr Anstee and Mr Edwards (UK). which were presented at the
5 2nd mecting in Spring 1981 by Mr Potter and Mr Moon respectively, were judged to be of such great interest that they
warrant wide distribution and therefore should be published as an AGARD document.

The paper by Mr Wood describes the uses of small crack data for the analysis of the structural operational limits
ol older aircraft structures. the durability design of new structures and the detesministic crack growth prediction
method presently applied in the United States to determine crack growth behaviour of discrete small cracks. The paper
of Mr Anstee and Mr Edwards reviews the reselts of 2 number of available experimental investigations on short crack
cttects and discusses surrounding effects and some additional conditions other than direct loads which obviously are
influencing short crack behaviour. Both papers conclude that the analysis of small crack growth behaviour is far more
complex than for the larger sizes and that the analytical prediction capability for small cracks is considerably less
advanced than tor the larger crack size ranges. Some of the experimental short crack data show substantial increases in
crack propagation rate compared with predicted crack growth, demonstrating that further experimental work and
continued rescarch is warranted to improve the prediction of short crack behaviour.

As a result ot the information and guidance the SMP ggreed to form a sub-committee to develop a future
Specialists” Meeting on the “Behaviour of Short Cracks in Airframe Components™.

H.J. Zocher

Chairman

SubLCommittee on Behaviour of Short Cracks
in Airframe Structures
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EVALUATION OF SMALL CRACKS IN AIRFRAME STRUCTURES

] H'OWARD A. WOOD
TECHNICAL ADVISOR
AERONAUTICAL SYSTEMS DIVISION (ENF)
WRIGHT-PATTERSON AFB, OHIO, USA

AND

JAMES L. RUDD
AEROSPACE ENGINEER
JOHN M. POTTER
AEROSPACE ENGINFFR
AIR FORCE WRIGHT AFRONAUTICAL LABORATORIES (FIRFC)
WRIGHT-PATTERSON AFB, OHIO, USA

Small crack technology applications to airframe structures are discussed. Cracks with
the size range of 1/10mm to lmm have been used as the starting point for evaluating the
safe and durable operational limits of older in-service aircraft and as criteria for the
design of new structures. The development of these criteria are presented. Evidence

of service cracking obtained from teardown inspections is presented to illustrate the
characteristic sizes and shapes of cracks at structural fastener holes. Current methods
for predicting growth are judged to be less developed than for cracks in larger size
ranges. A limited comparison of test and prediction is included. Finally, the influence
of small cracks on residual strength and the potential degradation of fail safety are
discussed with specific reference to a large transport aircraft. The authors conclude
that the analysis of small crack growth behavior is far more complex than for inter-
mediate and large sizes, and suggest additional research particularly the development of
experimental data to support methodology development.

I BACKGROUND

This paper has been prepared to summarize small crack behavior in airframe struc-
tures. The discussion is intended to provide insight into some approaches taken to
account for the development of small cracks and to utilize these developments to guantify
operational limits for older aircraft, set design criteria for new structure, and help
improve manufacturing processes to insure longer service lives. For purposes of this
discussion, small cracks include those with sizes in the range of 1/10mm to 1lmm
{.004" - .04"). Because of the overwhelming importance, the discussion in this paper
will be limited to fastener hole cracks. The specified range of crack sizes was chonsen
because of its importance to overall structural integrity. 1In particular:

:

]

i

a. The size range is characteristic of fatique cracks at a relatively early staae
of development.

b. Experience indicates that most well-designed structures canh tolerate small
cracks for reasonable periods of service without adversely affecting safety or perfor-
mance. However, occurrences of large numbers of cracks of this size generally signal
the onset of structural degradation.

c. This size range represents a level that beains to be analytically tractable by
deterministic fracture mechanics methods.

d. This range is generally below detection sizes using current NDI procedures.

In summary, small cracks represent a convenient, practical, challenging and realis-
tic starting point for structural evaluation.

In the early 1960's, the U.S. Aerospace Industry began to realize the significance
of that portion of the service life of a structure which is spent in developing and
growing engineering size cracks to failure. The advent of applied fracture mechanics
during this period coupled with improved experimental equipment and techniques allowed
for the analytical characterization and experimental verification of crack growth behav-
ior. This discipline provided a new and valuable tool for structural evaluation. Today,
the fracture mechanics discipline enjoys a prominent position within most aerospace
structures departments. The philosophy that flaws exist from cime of manufacture and
cracks develop early in life and spend an appreciable time developinag and arowing is
almost universally accepted. Relating "fatique gquality" or "duralility" to the behavior
of small initial cracks at the design stage is a technique currently receiving consider-

[} able attention in the U.S.

I SMALL CRACK DEVELOPMENT - SERVICE EVIDENCF

Until recently, very little statistical small crack data was availabkle which repre-
sented the condition of service aircraft. The USAF has completed a series of destructive
teardown inspections of high service time airframes. The articles tecame available
because of major re-wing programs. Full-scale fatique test articles were also reexamined
in detail for evidence of small cracks. These inspections were conducted to ohtain sizes,
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locations, and numbers of cracks to aid in establishing operational limits and optimum
modification times for the remaining force aircraft. In many cases, cracking had just
begun to develop and this afforded an excellent opportunity to examine the early stages
of fatigue crack development. These teardowns consisted of the removal of critical areas
of the structure, cleaning, disassembly and a mild acid etch to enhance visual detection.
Each hole was subjected to a laboratory examination using low power optical microscopes.
In one program, an entire wing of a large transport was examined including approximately
40,000 individual fastener holes. The types of cracks found are illustrated in Figure 1.
The hole wall cracks and corner cracks predominated and generally were judged to be of
most importance. Examples of these types of cracks are shown in Figure 2. Fatigue stria-
tions were found on samples of the findings clearly confirming the crack development
mechanism. For the hole wall cracks, early development can easily be seen as the coales-
cence of several small origins. 1In only a few cases could the origin of the crack be
traced to a noticeable defect in the hole. Crack shapes and sizes collected for one for
these examinations are illustrated in Figure 3. The crack sizes represent the findings
after several thousand service hours. Shape variability is perhaps the most obvious
factor recorded. This pattern is typical of high strength aluminum, having been noted in
other programs. The data shown in Figure 3 were obtained from one wing in a region with
approximately the same stress level and similar stress history.

Cracking evidence of this nature can be evaluated in several ways. First the
widespread and extensive nature of cracking for the wing examined can be considered indic-
ative of a general degradation of the structure since the potential for more extensive
cracking exists in one or more other force aircraft exposed to similar service usage.
Similarly, the distribution of sizes can be used to statistically postulate the occurrence
of larger cracks somewhere in the force. Small crack data measured at the time of tear-
down can be used to develop a statistical population which can then be analytically pro-
jected either forward in time to determine the critical limits or backward to time zero,
the time of manufacture. 1In either case, individual measured cracks would be character-
ized and grown by analysis under known stress histories. Regression to the time of manu-
facturing can yield a distribution of "apparent initial cracks" and a starting point upon
which to base the operational limits assessment and individual status of force aircraft.
Experiences with this technique have been reported by Tiffany and others. (Ref. 1)

Initial crack populations have been related to manufacturing quality, particularly hole
drilling techniques. (Refs. 2, 8 and 9)

Because of flaw shape variability, analytical techniques for extending and/
or regressing flaw populations require that these shape factors be normalized. One
simple method is to convert each crack to an equivalent type flaw (e.g., constant shape)
and base all resultant sizes on this type flaw. This procedure is illustrated in Figure
4. In this example, all cracks measured at the time of teardown were analytically
extended until they reached the surface of the part. They were then converted to equiv-~
alent quarter-circular cracks, based on stress intensity, and regressed as guarter-
circular, constant shaped cracks. 1In this way, each crack could be characterized in
terms of size only.

III USES OF SMALL CRACK DATA

a. Operational Limit Analysis:

Crack population data, regressed to time of manufacture, has aided in the
evaluation of operaticnal limits for older aircraft. (Ref. 1) Criteria have been devel-~
oped based on an assessment of the apparent initial crack sizes. These criteria, illus-
trated in Figure 5, are used to establish both the safe and economic structural limits
in terms of crack growth life intervals using initial selected discrete crack size values.
For safety, the assumed initial crack size was chosen to represent the maximum probable
initial size (e.g., the size projected to occur on the order of once in a force popula-
tion of fastener holes). The resultant size range (.030" to .050") derived from statis~
tical data appears to be consistent with observation for numerous aircraft types. The
size range is not judged to be overly conservative. In managing the force, structural
inspections are performed on the basis of the safety limit. Economic and functional
limits on the other hand have been derived based on average initial crack sizes from the
force population of holes. 1In this case, considerable variability has been found in the
data. The selection of the range of .002" to .005" is believed to be conservative for
most cases. In managing the force, modification options are examined with the assistance
of the durability limit calculations.

b. Durability Design of New Structure:

Small crack technoloqy is being used to evaluate the durability characteristics
of new structures. (Refs. 2, 3, 4, and 5) Durability design requires a disciplined pro-
cedure to select materials, processes, fabrication techniques, stress levels and structural
details in order to achieve the desired service life. The objective of this approach is
to minimize and/or delay service cracking which could influence airframe performance and
cause expensive structural maintenance/modifications. The initial indication of a success-
ful design occurs in the full-scale cyclic test conducted as part of the full-scale engi-
neering development phase of every system program. (Ref. 3) At the completion of the
required number of simulated service hours, the article is examined (often by teardown
inspection) to determine the extent of cracking. FEach incident of cracking is evaluated
to determine probable cause, impact on inteqrity and performance, and potential corrective
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action required. These findings are then assessed to project the economic consequences
of such cracking on the operational force. The time at which the repair costs are judged
to be prohibitive is called the economic (durable) life.

Generally, the overall durability is related to the extent of cracking rather
than the occurrence of a few isolated cracks. This evaluation requires that the statis-
tical population of small cracks be developed for each region of the structure. The
population is then examined to determine when the test article would reach a state of
disrepair if the cracking were allowed to grow. The USAF policy (Ref. 3) states that new
designs must demonstrate, by test that this condition is not reached prior to the equiva-
lent service life time of the structure. With this success criteria established for the
cyclic article, it then becomes necessary to develop routine techniques to design the
airframe to achieve this goal and to predict its potential for service cracking. One
basic analysis approach is illustrated in Figure 6. The predicted crack population is
assumed to result from an initial set of structural factors associated with the manufac-
turing material, fastener fit, etc.

As discussed previously, one approach used to characterize the structure at
time zero is an apparent or equivalent initial flaw size (EIFS) crack population derived
from a series of test of representative details. (Refs. 1, 2 and 8) This technique is
the subject of continuing research within the Air Force. (Ref. 5) The initial quality
concept (Figure 6) is convenient in that the initial population can be developed and
grown using deterministic fracture mechanics techniques. The population can be developed
for individual parameters such as hole drilling techniques (Refs. 2 and 9) or for combina-
tions of parameters such as hole drilling techniques, fastener fit, prelocad, etc. A word
of caution is in order, however; the initial population derived in this manner is unique
to the particular set of structural conditions and is stress level dependent. Usually
one structural parameter dominates the crack development pattern. For example, in Ref-
erence 2, a study of various hole drilling techniques indicated that the most prominent
crack starter was axial scratches along the base of the hole. Physical evidence from
this pregram and others suggests that cracking does not always originate at discernable
manufacturing anomalies. Many origins are related to residual stresses and local stress
concentrations in the built-up structure. It may be possible, however, to characterize
these structural features in terms of equivalent initial flaw populations. Therefore,
it appears that a worthwhile effort would be to develop this technique into a routine
design procedure.

c. Deterministic Crack Growth Prediction Methods:

The accepted method of predicting crack growth behavior of discrete small cracks
is the fracture mechanics approach. (Ref. 10} The crack driving parameter is the stress
intensity factor which is a function of the crack size, geometry and applied stress. The
assumption of linear elasticity is usually made. The material factor used in this method
is the basic growth rate, da/dn, which has been shown to be related to the stress inten-
sity factor range AK., While it is generally accepted that the linear elastic approach can
be used for larger crack sizes (i.e., a >1mm), some skepticism exists as to whether or not
the approach is valid for small crack sizes. Very little experimental data has been pub-
lished upon which to validate the fracture mechanics approach for small crack sizes. A
limited amount of data was included in the study by Hsu, et al. (Ref. 7) In this study,
stress intensity solutions were developed and predictions made for both constant amplitude
and spectrum loading for through and part-through cracks. Comparisons of predicted and
test lives are indicated in Table 1. The two materials tested were 2219-T851 alurinum and
Ti-6al-4v titanium. Only constant amplitude data are presented in Table 1. All initial
cracks were in the range a = .005" - .009".

Table 1 - Comparison of Predicted and Test Lives

2219-T851
THRU CRACK CORNER CRACK
R* R¥
Open Hole 0.87 Open Hole 0.38
Close Tol. Fast 1.12 Open Hole 0.49
Loaded Hole 0.65 Close Tol. Fast 0.62
Open tHole 0.86 Close Tol. Fast 0.72
Close Tol., Fast 0.75 Loaded Hole 0.30
AVE = 0.85 Loaded Hole 0.47

AVE = 0.490

Predicted Life
Test Life

R* =




Ti~6al-4v !
' CORNER CRACK
R*
Open Hole 0.51
Open Hole 1.71
Close Tol. Fast 0.86 *R = Predicted Life/Test Life.
Loaded Hole 0.51
Loaded Hole 0.72
AVE = 0.862

These results yield some confidence in the ability to predict small crack behavior under
simple loading. The reason for the difference between the capability to predict the
behavior of corner cracks in titanium and aluminum is not clear from a review of the data.
Lives for corner cracks were predicted using a constant quarter-circular shape. Some
shape change was noted in the test data. One reason for the difference micht be the
sensitivity of the different materials to flaw shape change.

d. Fail Safe Evaluation of In-Service Aircraft:

Small crack technology has recently been used to evaluate the allowable crack-
ing and service limits of a multiple lecad path military aircraft wing. (Ref. 11) The
concern was that small but extensive service cracks could affect the single panel residual
strength if the cracks were located adjacent to the single panel at time of failure. To
establish basic strength allowables, cracked and uncracked coupons were statically tested
to failure. Figure 7 includes the results of one of these tests. While data scatter is
considerable, particularly to specimens with crack sizes one milimeter below a definite
trend in strength reduction is noted. Normally the few percent reduction noted by these
data would not be considered to be a problem because the ultimate load condition is rarely
achieved in service. However, in most designs fail safety presumes that the remaining
structure will be able to attain approximately the material ultimate stress in the elevated
stress region adjacent to the failed member. This situation can occur with overall wing

‘ stresses well below ultimate as indicated in Figure 8. Small cracks can agaravate the
situation in this case. For the problem studied by Circle and Wood (Ref. 11), the small
crack data was used to develop the residual strength curve up to 1.3mm (.05").

v SUMMARY

This paper has presented some practical aspects of small crack growth behavior as
they influence structural solutions for airframes. Analytical prediction capability for
small cracks at fastener holes is considerably less advanced than for the larger size
ranges. Without appropriate experimental data to support small crack predictions,
solutions may be unconservative. Within the USAF, small crack growth technology has
been used to assess structural durability and has been particularly effective in evalu-
ating production hole drilling technigues. The influence of small cracks on fail safe
residual strength has also been assessed. Teardown inspections have been valuable
sources of small crack statistics to assist in structural assessments. The technigues
for finding and measuring early faticue crack formation should be adopted to laboratory
studies associated with crack development. Analysis of small crack growth behavior is
far more complex than for the intermediate and larger sizes. Continued research is
warranted, including additional experimental residual strength and crack propagation
data to support methodology development.
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A REVIEW OF CRACK GROWTH THRESHOLD AND
CRACK PROPAGATION RATES AT
SHORT CRACK LENGTHS

R F W Anstee and P R Edwards
Procurement Executive, Ministry of Defence
Royal Aircraft Establishment
Farnborough
Hants
GU14 6TD

1 INTRODUCTION

Prior to the development of crack growth prediction techniques based upon fracture mechanics the
fatigue life of a structure was determined from information on life cycles to failure related to nominal
stress and stress concentration factor. Problems of durability and strength of fatigue damaged structures
in service hastened the introduction of life assessment techniques based upon a psediction of crack
growth. The notable example of a requirement for this approach is MIL SPEC 83444°, 1In this document an
initial flaw of 0.127 mm (0.005 inch) is specified to exist at every hole, with larger flaws at the most
critical locations. This does not mean however that no account is taken of fatigue crack initiation
time; since the flaw specified is in practice an equivalent initial flaw which, using current crack propa-
gation prediction techniques, gives a fatigue life which is equivalent to lives typical of service
experience<. Support for an equivalent initial flaw size of 0,125 mm (0.005 inch) comes from the work of
Forman’ (Fig 1), who found that compared to unnotched SN data for 7075-T6 and notched SN data for 2014-T6
an equivalent initial flaw of 0.125 mm (0,005 inch) and 0.06 mm (0.0025 inch) respectively predicted the
same life. Further suppoSt comes from read-back analyses of Phantom fatigue tests and the more recent
results of Rice and Brock®.

Numerous studies have been made of the effects of cracke of small size. Many have concluded that an
anomaly in crack growth behaviour exists. Typically it is suggested that short crack anomalies exist for
cracks less than about 0.1 mm to 0.2 mm depth. These investigations, which we shall discuss later, nearly
always find a more severe effect of the crack than would be suggested from fracture mechanics data obtsined
with long crack specimens. There is then, concern, that since a considerable portion of crack growth life
is typically obtained from the growth at small crack size, an underestimate of growth rate in this region
could seriously overestimate service life. An improved understanding of short crack effects could be
employed either to modify crack growth prediction techniques or to provide a more certain base for the
equivalent initial flaw size.

A further reason for the understanding of short crack anomalies arises from potential material
improvements. If it can be shown that such anomalies as do arise are related to metallurgical features
it may be possible to eliminate these features to gain extra fatigue life, possibly in initiation as well
as early propagation.

2 REASON3 FOR SHORT CRACK ANOMALIES

The failure of linear elastic fracture mechanics to predict the behaviour of short cracks to the same .
degree of accuracy obtained for long crack behaviour must stem from one of two reasons (or possibly both).
These are that either linear elastic fracture mechanics (LEPM) is not the appropriate analysis technique,
or that effects not normally accounted for are important and must be included. The objective should
therefore be:

i to establish the crack length at which LEFM becomes applicable,
ii to define how LEFM can be adapted or modified for use at shorter crack lengths,

iii to define what additional factors affect the growth rates of short cracks and how these factors
can be characterised in the LEFM prediction techniques.

It -can b+ sren that since the stress intensity factor K is given by:
K = ~/wa x [geometry factor)

then as a becomes small with K 1limited to Kqy , the threshold value for crack growth, the stress =
will increase until it exceeds the plasticity limits set on the applicability of LEFM. One simple approach
to setting a validity limit on crack length would be to assume < equal to the plain material fatigue
threshold stress and K = Kpy . Then:

a validity limit = % —

TH

Alternative approaches could be to link crack size to material microstructure or to the extent of
plasticity at the crack tip.

Factors which can often be neglected in LFEFM analysis but which are likely to be important in short
crack conditions fall into three categories (i) surface conditions (ii) plasticity (iii) "three dimensional
considerations” in K determination. Surface conditions which reduce in importance as the crack grows
are, for example, residual stresses due to machining, cold working or chemical finishing, and applied
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stresses due to fretting. Flasticity effects arise from the stresses in the zone of yielded material at
the crack tip and also from crack closure due to the wake of yielded material left behind the advancing
crack tip. The effect of the yield zone at the crack tip will be to prop the crack open*, effectively
increasing the stress cycle, while crack closure, since it occurs at positive stress levels, reduces the
load cycle5 (Fig 2). The size of crack tip yield zone relative to crack length will be proportionally
much larger for small cracks than for long cracks, hence the yield zone will be more important.
Conversely the crack closure mechanism cannot be established before the crack has grown and hence
closure effects will be small at short crack lengths. It might also be expected that the plastic zone
and crack closure effects would be affected by the ratio of minimum to maximum stress in the load cycle
and whether the loading was constant amplitude or variable amplitude.

Small cracks are by definition three dimensional cracks, they do not penetrate the thickness with
a near straight crack front. The K solutions for such crack shapes are fewer and less well proven than
for two dimensional long cracks. There is substantial variation in K along the crack front of a corner
crack® but negligible variation (for most purposes) along the front of idealised long cracks. The
controlling K value for crack growth (or fracture) has yet to be defined, whether it be a peak K
value or some summating function. However it must be probable that a crack with substantial K change
along the crack front will not react in the same way as a crack with little change in K value, 1In
final fracture terms there is some evidence that rate of change of K has a substantial effect’. The
proportion of plane stress to plane strain material will probably be different for short and long cracks
in most cases. Valid comparisons between long and short crack data should take all these factors into
account,

3 REVIEW OF RESULTS FROM EXPERIMENTS

This section reviews the results which have come to the authors' attention. Other work most
probably has been published and since there is considerable interest in the topic it is anticipated that
this review will quickly be outdated. Results to date are in conflict in some respects, particularly
since some investigations have failed to show short crack effects.

The first part of this section concentrates upon studies where surface effects are not expected to
be important, these effects being considered later. The work covered starts with the early papers
indicating fast growth at short crack lengths and reasons for believing that fundamental limitations on
applicability of LEFM below a certsin crack length should exist., It then goes on to look at the
relationship of fatigue threshold stress and stress intensity factor threshold values to the short crack
length. Finally the effects of microstructure and modes of crack origin are covered.

3.1 Engineering Studies
3.1.1 Crack Growth

De LangeR published some of the earliest work in which fast growth of short cracks could be
identified. He tested six specimens of 26 ST aluminium alloy in rotating bending and six specimens
of 35 CD steel in tension-compression. He recorded surface crack lengths using plastic replicas
which he measured down to 2 um (0.0001"), His results showed considerable variability. For each
material three specimens showed fast initial crack growth rates, although he also found some non
propagating cracks. The cracks which did grow were consistent with long crack data by a length of
around 20 um (0.001").

Pearsono reported tests on unnotched 165 and DTD “050 under reversed bending at a range of R
values (Fig 3). He reported very fast crack growth rates at initial lengths of 0.03 to 0,04 mm
(0.0012" to 0.0016") wnich tended towards the rates predicted from long crack data at lengths of
about 0,127 mm (0.00%")., Pearsons work is a standard reference in short crack investigations. It
is therefore surprising that comment has not been made on the stress levels employed. His seven
45 specimens were tested at maximum tensile stress levels of between 0.8 and 1.04 the 0.1% proof
stress, which invalidates the use of LZFM. He used four DTD %050 specimens at loads which gave
maximum stresses of 0,64, 0.74, 0,73 and 1.04 the 0.1% proof, Of these the crack in the specimen
tested at 0,63 proof were detected at 0,092 mm (0.003€¢") and presumably had little effect upon the
early fast part of the curve. Sufgequent examination showed considerable damage throughout the
surface rrains of these specimens ~. Since the cracks all started from inclusions it is also
possitle trat there was a local stress concentration in the parent material which should be taken
into account. Tt can be concluded that while Pearsons results show very real effects they are a
rriori outside the bounds of LEFM analysis.

Wqrk by Schijve11 has teen quoted as showing short crack effects, although significantly
Schijve '~ does not refer to it himself in the context of fast growth. 'is work was on small corner
cracks 0.2 mm (0,00°") which grew at an npparently slower rate than long crack data would suggest,
from which Schiive deduced a corner crack 'K correction' (Fig 4).

Brock13 has also been referenced elsewhere as showing fast initial growth rates. His results
show considerable scatter in initial crack growth rate from the edge of a hole (Fig 5). However his
results relate to growth from saw cuts at the edge of the hole. long cracks which have bheen
extended by a saw cut and then retested also show this same effect, due to a change in the residual
stresses at the crack tip and a lack of crack closure?™s15, Tt is also of sign)ficancs that Brock
tested clad material and observed surface cracks. It might hte expected that the cladding would
react in quite a different way to that of the parent material,

In discussion of short crack effects Tahy16 showed A 20% increase in crack growth rate at
short crack length compared to long crack data (Fig 6). However at ‘K values near threshold the
exponent in the Paris equation will be high, probahly considerably above %, Fven so, at n = &
only a %.5% error in K determination accounts for this difference, perhaps within the bounds of
the solution used,
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Tests on mild steel in both axial loading and bending unq$r both constant amplitude and random
amplitude load cycles have been reported by Fisher and Sherratt ', Their experiments were on cracks
from depths of around 0.1 mm (0.004") at notches. The stress gradient due to the notch was calculated
and included in the stress intensity range calculation. Their results while showing no very marked
trends did suggest faster crack growth at short crack lengths, The tendency was more readily seen
under axial loading at positive mean stress under both constant amplitude and random amplitude loading.
Results under bending loads were less clear.

F1 Haddad18 et al reported tests on G40.11 steel. They showed short crack effects at crack
lengths up to 1 mm (0.040") and crack growth rates between 2 and 10 times faster than would otherwise
be predicted. Their results were more severe than reported elsewhere. However they also reported
crack growth threshold tests on specimens which were remachined to reduce the crack length after
developing a sharp fatigue crack. This testing technique must be considered doubtful since plasticity
effects at the crack tip and along the crack faces will be appropriate to a AK condition other than
that applied on reloading and alsoc the bow of the crack front relative to the crack length will be
changed. This will be discussed later but it is not clear whether Fl Haddad's crack growth specimens
were produced in this same way. In the same paper the authors re-analysed data previously reported
by Dowling?9. ie tested A533B steel in completely reversed constant amplitude loading into plastic
strain levels. He found for short cracks (ie & 0.007") that the crack growth rate when plotted against

*J to allow for plasticity exceeded the long crack growth rate by a factor of around 2, approaching 3

at high plasticity levels.

Barnby and Holder20 studied six steels fatigue tested in bending. It was shown that they all
exhibited rapid initial propagation up to a crack length of around 0.5 mm (0.020"). (Fig 7A).

Finally Cook et 5121 studied short cracks in notched aluminium alloy specimens under constant and
variable amplitude loading. Measurements were made down to lengths of approximately 0.02 mm. Under
constant amplitude loading there was considerable scatter, and fast crack propagation at short crack
lengths was not identified clearly. However where the threshold would have been expected the curve of
da/4, v AK was, still rolativ-ly shellow (ind:x < 3), Fast crack projsgation was found at short crack
lengths under variable amplitude loading as described in Section 4,3,

A number of studies has been published by Lankford. He tested smooth waisted 4340 steel specimens
at R = 0,192, Using fractography to measure crack growth rates he found that by taking account of
debonded inclusions he could correlate crack propagation rate using LEFM techniques. This correlation
held good down to the lattice spacing (Fig 7B). He also noted non propagating cracks held at the grain
boundaries. Later work2> on large cracks machined shorter has shown both fast and slow rates. By
examining specimens in a scanning electron microscope (SEM) it was shown that initial rates were faster
than predicted from long crack data, reducing later to below ths long crack rates before merging at a
longer length. Lankford suggested from this and previous work2® that the crack front grows initially
fast until interaction with grain boundaries occurs. The growth rate was reduced by this interaction
and slowly recovered to the long crack rate at a lnngth at which the cyclic plastic zone was approximately
equal to the average grain size. Recently Lankford2* has supported this work with results from specimens
cyclically loaded while under observation in the SEM. He has shown (Fig 8) a range of behaviour from
very fast crack propagation similar to Pearson's results through to non propagating cracks.

Starkey and Iroinezs‘26 in crack propagation studies of smooth specimens of spheroidal graphite
cast iron found that they could correlate crack growth rates using the J integral approach (as AJ) to
extend LEPM to elastic-plastic fracture mechanics (EPFM). They were able to work down to the micropore
size of the material 150 m (0.006"). Starkey2? recently reported further work using this approach on
unnotched cylinders of EN 16 steel. For this material, which has a fine grained regular structure,
cracks were observed starting on the surface at about 10: m. Measurements were recorded from lengths
of about 25 : m, after 25-50% of the life had been expended. Again the EPFM approach was used to
successfully correlate the test data with loang crack data from 25 m onwards.

Work by Povellzg'zg using aluminium alloy to study short crack effects under constant amplitude
loading has failed to show any differences between long crack and short crack data. His tests used
block loads at two R values to distinguish striation bands which were then used to obtain crack growth
rates. He did however note an interaction due to change in R value.

Pee1}0'51 has also used striation counting combined with LEFM to analyse the early stages of
fatigue failures, Typical initial crack lengths used were as small as 0.1 mm (0.004") with no
reported difficulties in analysis at short lengths,

3.1.2 Stress Intensity Factor Threshold and the Fatigue Limit (Fatigue Threshold Stress)

The stress intensity factor threshold for crack growth can be written asa:

As crack length a becomes small ’ - increases until it reaches Lh- value A7p . ths fatigue limit for
plain specimens above which fatigue damage must occur (Fig 9). These two boundaries define a limit

for non propagating cracks, the study of which has generated much of the threshold data available.

Pook32 in studies of non propagating cracks reduced the length of existing long cracks by machining

and studjed their subsequent re-initiation behaviour. He found a marked reduction in Ky

typically down to 6O% of the previous values obtained with long cracks (Fig 10).

More recently there has been considerable interest in threshold conditions and non propagating
cracks, and the interaction of crack length and threshold values. Numerous investigations have shown
that below a certain crack size the threshold stress is no longer AK dependent but reduces steadily
below the . ‘a relationship of LEFM until the fatigue limit stress is attained (Fig 11). Much of the
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work has centred on defining this crack size (which may be thought of a the small crack LEFM limit),

or determing an expression for the curve joining the two threshold lines, in order to extend the
applicability of LEFM, To investigate this Kitagawa and Takahashi>> used a 50 m (0.002") arc strike
pit as a crack initiator., They fgﬁnd it was acceptable to use a crack length of 0.1 mm as an LEFM
short crack limitation. Kitagawa’' in a separate publication suggested a strain intensity factor which
showed good correlation down to the smallest crack size measured for a range of bending tests at R = -1
and -0.82 and tension tests R = O.

He proposed K = evia = 7 " /ma
and %na_ = cq” (A*)(" - m K™

Mu!‘akami.}5 also suggested from his investigations that a short crack limit of 0.1 mm applied in
LEFM and noted that holes in the specimen below this size had no effect on the fatigue limit. He
suggested therefore that the fatigue limit was not the stress range at which no ?racks appear but was
in fact the stress range at which cracks did not propagate. Nisitani and Takao-° also reported non
propagatory cracks of this size from tests on plain fatigue low carbon steel specimens in rotary bending.
They noted that the non propagatory crack size was approximately equal to the average grain size.

3.1.3 Stresses or Loads at the Surface
Fretting

Edwards and Ryman37 have studied the effects of fretting on the development of fatigue cracks,
and measured accelerated growth rates at lengths up to 1 mm. They showed that by including in the
calculated stress intensity factor components due to normal (static) and frictional (alternating)
contact stresses, it was possible to predict fretting fatigue results with reasonable accuracy. They
found that it was desirable to enhance the stress intensity factor by a correction allowing for short
crack effects. Using this correction gave the best fit of theoretical curves to experimental results
at short crack lengths. They also found that the prediction was less good at higher stress levels,
The smallest crack of significance was 0.02 mm (0.001") and non propagating cracks of around 0.20 mm
(0.008") were found in unbroken specimens at the fatigue limit. Rapid initial crack growth was also
found in the early stages of fretting fatigue by Leadbeater33 et al who found crack growth rates an
order faster with fretting than in plain specimen fatigue at the same crack lengths and direct stress
levels., The accelerated crack growth was attributed, as above, to frictional forces. More recently
Moon has produced crack propagation results for bushed and unbushed lugs. He showerd accelerated crack
propagation results for bushed and untushed lugs. He showed accelerated crack rates at lengths up to
1.0 mm. Ye showed also that lugs with an interference fit bush had a much longer life under constant
amplitude loading, and a much reduced proportion of the life spent in crack propagation, This was
attributed to reduced slip in the case of the bushed lug, leading to reduced frictional forces and
consequently to longer initiation and slower early crack propagation rates.

Machining Stresses and Work Hardening

The effects of work harden;ng on the early propagation of short cracks have teen noted by Heath-
Smith and Aplin'® and by Forsyth“ . They showed the effects of drilling were significant in fatigue
performance. It has also been shown that high surface stresses can result from grinding'<.

Cold Working

L3 L4 L
There is ample evidencejg' 3485,55 to show that fatigue crack initiation and the iritial growth
of fatigue cracks are suppressed by the residual stresses induced bty cold working.

Chanduanichhb has studied cold worked holes under constant amplitude loading at R = 0.1. He
measured surface strains at every 0.1 mm (0.004'"}) using a Moire system. Accurate measurements of
crack opening were obtained by laser interferometric methods, from which stress intensity factors
were derived. He found that he could not predict the observed crack growth satisfactorily. The reasons
for error were suggested to be; variation in crack front shape relative to the theoretical model, changes
17 residual stress pattern with cycling and an inadequate model of the initial residuml stress pattern,

Rich and Impellizzerihs reported that they were able to predict the growth of cracks at fastener
noles which were either cold worked or fitted with interference fit fasteners. They did not measure
crack growth below a crack length 0.25 mm (0,010")., Their analysis showed a good measure of agreement
with prediction above this length.

Chemical ¥inishing

Many finishes which are applied afffgt fatigue properties. The effects of nitriding to various
depths has been studied by Clark and Knott'”., It was shown that increasing the depth of the hardened
layer progressively caused higher initial crack growth rates while not affecting subsequent propagation
at long crack lengths (Fig 12). Thus the overall life of the component was shortened due to increased
crack propagation rates at short crack lengths,

3.1,/ Residual ffects of Crack Tip Plasticity

Due to the extremely high stress concentration at the crack tip a plastic zone is developed, It
has long been recopgnised that the initiation of fatigue damage is a plastic deformation process. The
effects of the development of plastic deformation are seen in two ways, firstly as an area of plastically
strained material at the crack tip, secondly as a wake of atretched material left behind by the advancing
crack, The effect of the plastic zone at the crack tip is generally thought to increase the effective
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load cycle“. The wake of stretched material along the cracked surfaces will however close under tensile
loading, reducing the effective load cycle’.

That it is necessary to include both of these effects in crack propagation prediction has been
recognigsed*’+*9, For short cracks the existence of a plastic wake behind the crack only becomes possible
as the crack size increases. It is this effect which has been proposed by some investigators as the prime
cause of higher growth rate of cracks than long cracks at the same AK level. This is supported by the
observation of initially rapid crack growth from saw cuts as stated earlier, However the effects of the
plastic zone itself cannot be ignored. The importance of the plastic zone in relation to crack growth
rate has been measured by Iniod while Lankford"9 points to the correlation of the plastic zone size with
fracture mode and growth rate after an overload. Similarly Mill1s0 in studying load interaction effects
concludes that the extent of the reduced growth rate due to overloading is related to the overload plastfc
zone dimension, clearly pointing to the need to ensure plastic zone sizes of small and large cracks are
the same if crack growth grates are to be compared.

We conclude therefore that crack closure due to the deformed wake behind the crack tip can reduce
the effective load cycle. At short crack lengths the wake will not have formed and the effective load
cycle will therefore be greater than for a longer crack cycled at the same AK level. At high R ratios
the crack has less potential to close and would be expected to show less short crack rapid growth than
would a zero R ratio test, The plastic zone at the crack tip acts to increase the load cycle, by wedeing
the crack open. The size of the plastic zone is a function of LK . It is this aspect which is of concern
in the technique of remachining specimens to reduce the length of cracks. Any residual plastic zone which
remains could increase the effective load cycle on retesting, particularly so in 4Ky tests where the /K
values will be considerably less than previously experienced by the specimen.

The Fffects of Variable Amplitude loading

Relatively few of the investigations which are available have been made under both constant
ar.plitude and variable amplitude loadings where all other parameters have been maintained constant. Two
which nave are due to Fisher and Sherrattlt and Edwards and Ryman®0. Under bending conditions at zero
mean load Fisher and Sherratt showed only small effects under both constant amplitude and random amplitude
waveforms. Larger effects were seen under axial loading with a slight tendency for the random amplitude
waveform to give more srort crack enhancement, particularly at high stresses. The fretting work of
Fdwards and Ryman37 troadly support this conclusion. Subsequently Cook et al2l have measured crack
growths at lengths down to 0.02 mm (0.001'") in [65 notched specimens, Although accelerated crack growth
at short crack length was not conclusively verified under constant amplitude loading it was very marked
under variatle amplitude loading (Fig 13). A prediction of the variable amplitude crack rates using
linear summation from the constant amplitude data predicted crack rates that were too slow at shrort crack
lengths and too fast at longer crack lengths.

2.2 Metallurgical Studies
2.2.17 Modes of Crack Origin

Cracks originate at points of high plastic strain and are formed by shearing action at “50 to the
principle stress direction, in Mode 1. For practical meterials the origin of damage does not necessarily
control subsequent behaviour. Kanio? tested a steel with a 50/50 proportion of ferrite and martensite.
He otserved non propagating cracks in the ferrite were held below the AKTH level in the martensite.
Shimizu”2 noted that for high strength steels failures originated both from inclusions and changes in
the matrix structure. Grimberg®? in tests on Magnesium alloys observed differences in the growth
mechanisms of surface microcracks and through cracks, since surface damage occurred with the formation of
more brittle components.

Both Morris™ and Stone and Swift"" have observed crack origins at intermetallic particles below the
surface. Typically these break through at fast growth rates at apparent (but false) short crack lengths.

?.2.2 Crack Growth Within the Microstructure

There is ample published workPP'gS' 55-65 to demonstrate a dependence of fatigue threshold and
crack propmgation rate on grain size, Numerous references are made in the literature to blocking of slip
bands or pinning of cracks at the grain boundaries. It may be expected then, that the size of non
propagating cracks would be related to grain size and that the short crack length might also be similarly
related.

Tanakar& has suggested from his studies of intergranular crack growth that where cracks are stopped
vy slip bands blocked at grain boundaries, then the threshold stress intensity factor can be expressed as:

KTH = 01“'/;3

"

& -1
&mj%oZJ% « mop CO8 (8/p)

where K is the critical value of the microscopic stress intensity factor: « is the stress scting
alonghthe boundary of the blocked slip band; 2a is the intergranular crack lengtﬁ and 2b is the crack

length plus the length of the blocked slip bands. From this the fatigue limit can be derived by putting
a=0,
K"
g = 7 +
fr e

where e is the length of the slip band, this demonatrating an interrelationship between, threshold
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K values, fatigue limit and grain size. Tanaka has used this approach to predict the behaviour of two
steels with different grain size and has achieved good agreement. For the mean grain sizes examined
(3.9 um and 23,5 um) it can be seen that an LEFM approach to A would be appropriate from crack
sizes of less than 0.1 mm and 0.2 mm respectively (0,004" to 0.003"),

A serins of tests reported by Taira®1 covered fatigue testing in reverse bending (R = -1) and c¢rack
propagation tests (R = -1, O and 0.,5), Among his findings were observation of earlier initiation in larger
vrain size material, the absence of any stage II crack growth at stresses under the fatigue limit and
rlockage of slip bands at grain boundaries. At stresses above the fatigue limit he found crack nucleation
either along the slip band or at the grain boundaries, with subsequent propagation in stage II. He found
evidence not only of slip band blocking but also of crack interaction which delayed propagation. However
r@ did state that even when the crack lengti was the order of the grain size the growth rate followed the
same law as established for large macrocracks until deceleration occurred due to crack interaction or
grain boundary interaction. He replaced AK with AKger where AKeff took account of tne crack
opening stress. lle found tnat for R = -1 the crack opening stress varied within the load cvcle
dependent upon &K , being in the compression part of the cycle for high AK values and in tension at
LK near to trreshold. Using tnis approach (ie &4Kesrp! the Paris equation was used to fit the data down
to growth rates of = x 10° mm/cycle for all grain sizes. He did find that AKTy increased as
{grain size 7 and that the slip band zone was related to (.K)2 except near the threshold., He suggested
trat a cnange from structure sensitive to structure insensitive behaviour occurred where the grain size
and slip band zone were near the same.

Lankford®2 in studies of specimens loaded while under observation in the SEM has reported a
spectrum of oehaviour witn cracks stopping at or near grain boundaries while others have propagated at
a fast rate (fis ©'. iHis observations rave identified a stress dependence, with tests at high stress
Levels (like Pearson'sY) showinz no tendency to be retarded while others at low stress ievels are
arrested and can subsequently become non propagating. Witnhin these bounds other tests have shown varying
amounts of retardation to the fast rate,

Studies of the behaviour of crack tips adjacent to grain boundaries have heen made by MorrisBs'ha‘G“
witn important conclusions. He studied the effect of proximity of grain boundary on plastic zone size
and crack tip opening. He found a non continuum nature of deformation for cracks of approximately the
grain size in lengtn. Crack tips with large crack opening displacement had large crack closure stresses,
caaracteristically associated with the deginning of propagation into a large grain. As the crack tip
approached a grain boundary the growth rate was fast because in this state the crack closure stress was
small, while at some distance from a boundary tne closure stresses were large and propagation rate was
low. These onservations were made at nigh stress levels (90% yield) and must be related to Lankford's
observations, Together they show a mechanism for variability in crack growth rate which is grain size
dependent.

In summary the effects of grain size on fatigue limit and crack growth threshold are as shown
scnematically on Fig 1%, The recent work which has studied behaviour related to grain size dependence
may be used to extend LEFM to smaller crack sizes.

B RELEVANCE, OF STRESS INTENSITY FACTOR SOLUTIONS

The correlation of crack growtn rate and stress intensity factor, on which tne use of LEfM in
crack growth prediction depends, nas been universally accepted. There is a danger in this acceptance
trat insufficient attention is paid to the accuracy of the determination of the K solution. It has
already reen pointed out that the effects which Talug observed correspond to an error in K evaluation
of only 3% or so. Yet the crack shapes seen in the laboratory rarely correspond to the idealised shapes
seen in standard K solutions. Sometimes only small changes in AK are necessary to align small crack
and long crack data at the very steep part of the da/4n . AK curve near threshold. Most long crack
data are obtainer from through crack tests wrere crack fronts are relatively straight and such crack
front bow as does exist is unimportant. Shrort cracks however are almost invariably three dimensional
problems where stress intensity factor solutions are less well established and less amenatle to adaptation
to fit actual crack front shapes. It must also he remembered that since cracks originate in shear,
stage I as defined by Forsythtt, it is not sufficiently accurate to apply Mode I crack opening K
solutions until the cracks become establisted as stage II cracks.

Several authors nave assumed that surface flow lengths correspond to semi circulag crack gronts.
Many otners, having examined fracture surfaces, remark upon change in crack shape12'25'2 133,39, 7,
usually changing from semi circular to semi elliptical, but sometimes changing again in response to
surface factors. The inherent changes in K should be, but are not always, taken into account.
Remembering the small changes in K which are critical at the low value of AK this is a serious
limitation., Even for a perfectly semi circular crack front there is not universal agreement on the
correct computation of the stress intensity factorh?.69 (Fig 1%). Tt is most probable that the range of
solutions actually used would give rise to variations in the K values obtained of 10% or more.

The aquestion of shape is even nore complex for corner ‘laws. McGowan and Smith ' have shown that
the K values at the hore and the surface {for a crack at tre corner of a hole) reverse in importance as
the crack grows. Wiltshire and Knott”? showed increased toughness of corner flaws compared to throuzh
cracks, a result which could arise ‘rom differences in accuracy of K computation ‘or the two cases.

An additional -am,.icat‘on arises from the location of the crack origin relative to the structural
feature, Moon“() found that for s loaded hole the crack originiated down the hore h.t near to the corner.
Sueh a location would give rise to observations of crack prowt: rate on t-e free surface apparently at
much shorter crack lengths than actual. Rice and Brock? however found t-at cracks always originated on
the corners of noles and moreover werg not attracted by particles; Rudd ard Grey > linked crack initiation
sites to anodized pits and Powell27+28 found that cracks at holes origitated at the corner or down the

bore of the hole depending upon stress level.




Whereas X values for a through crack vary only a little along the crack front, the local
K values along the curved crack front of a three dimensional solution show substantial variation’*, It
is not at all clear what value of K should be taken for correlation with crack growth rate, nor in
general, what value individual investigators have assumed.

Short cracks by their nature are in plane stress conditions throughout the length of the crack
front, Long crackse may or may noi be, depending upon material thickness. Comparison of short and long
crack behaviour based upon crack growth data for thick specimens of the same material, as might be done
for long specimens for example, introduces more uncertainty to the validity of the comparison, since the
relationship of plane stress to plane strain data and to mixed conditions is not well understood.

5 DETERMINATION OF THE SIZE LIMIT OF THE SHORT CRACK

From basic considerations Smith7® has determined the snort crack lengtr limit from requirements on
the relative size of plastic zone and near crack tip field relative to crack length, He argues from the
standpoint that to limit errors in stress analysis the near crack tip field should be limited to 1/10 of
the crack length., Similarly the plastic zone size should be limited to 1/¢ of the near crack tip field.
Both of these limitations are accepted as a necessary condition for toughness testing and together imply
that the crack length must be at least S0 times larger than the smallest sifnificant feature in the
material at the crack tip. Smith suggests that this feature should te a tvpical subgrain slip band with
a representative size of 0.5 um. Thus the minimum crack size at which LEFM could be expected to apply
would be 0.02% mm.

Near notcnes much larger plastic zones will be generated and the crack lengthr at whicn LEFM could
be used will be determined by the notch geometry and the applied stress. The siort crack length as
determined by Smith will be enclosed by the yielded material. In these circumstances Smith and Miller
have proposed that crack growth will bte controlled not by snort crack limitations but by the fatigue limit
stress, and that cracks will grow under combined notch plasticity and crack tip growth under LEFM (Fig 16",

The experimental work reported and summarised earlier asrees to a very reasonatle degree with
Smitr's calculations. There are definite indications trat short crack limits for unnotched specimens and
specimens witn small surface pits are of the order O.1 mm and show a grain size dependence wrich accords
with Smithr's approacr. There are also very strong indications that notches can te treated in an analogous
manner with the grain size as an initiation length, a further length up to {say' 1C times grain size in
which elastic plastic fracture mechanics can be used to charscterise crack growti, and a general
applicability of LEFM from this length onwards (Fig 17)., For many ma‘erials tris means trat LEFM and
EPFM can ve used from about the same crack size for plain material and notcned material respectively.

r SHORT CRACK GROWTH PREDICTION TECHNILUES
Prediction techniques fall oroadly i1nto two ~lasses:

a, trose which set out to modify the LEFM approach, in order to increase applicability to smaller
crack lengths or perraps to define the crack length below whicrn LEFM will not apply:

b, those which attempt to model tre teraviour within the grain witn a transition to LEWM as
crack growth proceeds.

The revelopment of these models is encouraging since there is promise in some respects o defining initia-
tion time and hence, together with LEFM, a tecnhnigue ‘or calculation of time for wrole life.

77 73 . \
Dowling and le Fort rave botr defined tne snort crack limitation at notches as the length in
which the effect of the stress concentration dies awav. Dowling sugrests:-

N

. . r stress x stress concentration

e = notch radius - =1
vield stress

For materiais with conventional vield to ultimate ratios e should not exceed 0.2 x notcr radius,
thus defining a maximum length to the short crack. Le Fort seeks to use the stress gradient as a local
stress 1n calculations and also to define maximum length for the short crack effect. His maximur depth
turns out to be:

notch deptn }
notch radius

e = ; notch radius (

There is clear similarity between these two expressions.

Barnby and Holder<? suggest that short crack anomalies are contained within the Neuber particle and
tnat teyond this size LEFM applies. The total life is tnen obtained from the time to traverse the Neuter
particle plus crack propagation life.

Ir a series of papers =l Haddad1™+ 7%, 30 and co-authors nave developed the approacr of lengtth
enrancement to increase the calcuiatea stress intensity factor and nence the crack pgrowth rate ac
calcuiaten, Tney nave used the ‘function oY the fatigue limit ard thre applicability of LEFM (Fig 9 as
their value of leagtn enhancement, ~hat is:




daj/y, = ¢© ( /‘;z v & ))n

2
Moy 1

smooth fatigue limit w

wihere .0 =

This approach has received some use in analysis of data, chiefly because of the ease with which it
can be applied, but an acceptable physical justification has yet to be developed. It should be noted that
a mean load dependence is obtained through the relationshkip of AKyp to R ratio.

N Y . . . . . . .

pawards?’ in analysis of fretting faticue also used an enhanced stress intensity factor. His
enkancement was to the mean value of the stress intensity factor range, to reflect mean stress effects
directly.

More recent work has teen published by Kitagawa57 who used a strain intensity factor to define
crack growth down to tie smallest size measured in his tests. He used:

K(—; - e/ia = 71 )" Sva

(n =~ 1)m A"

. wm

dasin oocmt oG

Tanaka'" as previoiusly described nas developed a prediction for Kyi based upon slip kand toundary
stresses.

Morris’ ' observed crack growth which was retarded or stopped as the crack reached a grain boundary.
lie has proposed a new growth model which allows discontinuous growth behaviour. The model includes crack
closure stress as a function of the distance of the crack tip to a grain boundary and a cessation of growth
across a arain roundary pending the development of a mature plastic zone in an adiacent grain, The model
is claimed to descrite crack growth from 30 to 300 um in an aluminium alloy with mean grain size 75 um,
“rack growth is ontained from:

n
g - (C Axpfr)

n » ~ - /a
wnere 'Keff - ( max (H) o8
and Gl 8 [Mstance crack tip to grain houndary]
B ’a
max

and the inrubation period Nd is obtained from a material parameter | as:
NS 3 Nd 2
ot
, = Dvea N tegr T 'o) dN

A CONCLUSTONS

There is considerable variability in the comparison of crack rrowth rate at shert and long crack
‘enpths, While some investipations have failed to show short crack effects others have demonstrated
sutctantial inecreases in crack nropapation rate and also decreased crack growth threshold values of stress
imtensity “actor. rt “rack effectn, when ohcerved, often do not remain effective at rrack lengths
marn atove 0.1 mm.  Yowever some investigations nave shown effects up to 0.2 mm with one isolated example
nf persistence up to 1 MM,

Trere are good reasons for gquestioning the validity of some of the data either on grounds of specimen
rreparation or test technique. Overall however the evidence of short crack effects is strong and on
treoretical soounds 1t can bm shown that for threshtolds they should exist.

A nimrer 0f techrninues for prediction of shart crack effects have heen developed and cover
determination of trreshold valies, definition of the short crack length from whick LEFM applies, and
calculations of crack growth rates, Fven so there is no one techniaue as vet which is both simple and
easy *o use, readilv determined withoit specialised testing, and which can also be justified on physical
vrounds, Trere are empirical corrections which can be applied and, in the circumstances tested so far,
rive usefal resalts,  Pertans the most satisfyvineg for immediate application 1s use of elastic plastic
‘ractire mechanics, which has heen shown tn apply down to the pgrain size.

Particular problems arise from surface conditions. [n general these can ce reduced to accounting
for tne appropriate atress pradients in the stress intensity factor solutions. However in many instances
‘nese ~urface stressans are 111 defined but of ronsiderable masnitude, More work neerds to he done to
define these conditions refore an appreciation of short crack effects in the presence of surfare stresses,
rowever -~aused, can he pat on firm pround,

Trere are good prospects that from the increasing importance teing eiven to short crack studies a
new underastanding of initiation will develop with consequent improvement in total life prediction
techniques,
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